T he mismatch repair (MMR) machinery contributes to genome integrity and the MLH1, MSH2, MSH6 and PMS2 genes play a crucial role in this process. MMR corrects single base-pair mismatches and small insertion-deletion loops that arise during replication. Moreover, the MMR system is involved in the cellular response to a variety of agents that damage DNA 1 and in immunoglobulin class switch recombination. 2 Heterozygous germline mutations in MLH1, MSH2, MSH6 and PMS2 cause Lynch syndrome (LS), an autosomal dominant cancer syndrome associated with hereditary nonpolyposis colorectal cancer (HNPCC), endometrium carcinoma and other malignancies, occurring on average in the fourth and fifth decade of life. Notably, LS associated tumors display somatic loss of the remaining wild type MLH1, MSH2, MSH6 or PMS2 allele and evidence of microsatellite instability (for review see 3 ). In contrast to individuals with LS who harbor a heterozygous mutant MMR gene allele, rare cases with biallelic deleterious germline mutations in MMR genes leading to constitutional mismatch repair-deficiency (CMMR-D) have been recognized since 1999. 4, 5 This cancer syndrome is characterized by a broad spectrum of early-onset malignancies and a phenotype that resembles neurofibromatosis type 1. In this issue of Haematologica, Ripperger and colleagues report on a patient with CMMR-D caused by a novel MSH6 mutation leading to a T-cell lymphoma and colonic adenocarcinoma at six and 13 years of age, respectively. In addition, they review 26 leukemia and/or lymphoma cases reported previously.
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The clinical presentation and tumor spectrum of CMMR-D Our knowledge of the CMMR-D syndrome originates primarily from the medical literature; consequently, potential publication bias must be kept in mind as we interpret these reports. Table 1 summarizes the malignancies observed in 89 reported 6-11 and 3 unreported cases of CMMR-D. Neoplasms can be divided into four groups: (1) hematologic malignancies (reviewed in 6 ); (2) brain tumors; (3) LS-associated tumors; and (4) other malignancies. Notably, 31 out of the known 92 CMMR-D patients developed more than one malignancy, and in 19 cases the second or third neoplasm was an LS-associated tumor.
In some cases of CMMR-D, areas of skin hypo-pigmentation have been reported. [12] [13] [14] [15] However, signs reminiscent of neurofibromatosis type 1 (NF1), in particular café-aulait macules (CALMs), are much more common and were observed in the majority of the reported cases (63/92). There are only 2 patients explicitly reported to lack CALMs or other signs of NF1. 9, 13 Interestingly, several reports stress that CALMs in patients with CMMR-D differ from typical NF1-associated CALMs in that they vary in their degree of pigmentation, have irregular borders, and may display a segmental distribution. Other features of NF1 found in CMMR-D patients include skinfold freckling, Lisch nodules, neurofibromas and tibial pseudarthrosis. Hence, it is not surprising that a number of CMMR-D cases were initially diagnosed as having NF1. It has been speculated that the NF1-like clinical features in CMMR-D result from germline mosaicism arising early during embryonic development. The identification of a truncating NF1 mutation in the blood of one patient 16 and data supporting the notion that the NF1 gene is a mutational target of MMR deficiency 17 are in line with this assumption. However, extensive mutation analysis in other CMMR-D patients has not confirmed this theory (see 8, 12, 18 and papers cited therein).
Péron et al. 2 have shown in 3 CMMR-D patients that 15, 19, 20 . It remains to be seen whether defective IgA and IgG production is a common feature of CMMR-D. Fortunately, severe bacterial infections have not been reported to occur at high frequencies in persons with CMMR-D.
Genotype-phenotype correlation of CMMR-D
a second malignancy. Overall, the prevalence of LS-associated tumors is higher in patients with biallelic MSH6 or PMS2 mutations than in biallelic MLH1 or MSH2 mutation-positive individuals (Table 2) . These factors facilitate the clinical diagnosis of CMMR-D in patients with mutations of MSH6 or PMS2 and may at least partly explain the preponderance of PMS2 mutations in published cases.
Strategies for clinical and subsequent molecular diagnosis of CMMR-D
In view of the wide tumor spectrum that overlaps with Lynch and Turcot syndrome but also includes hematologic malignancies and embryonic tumors such as neuroblastoma, Wilms tumor and rhabdomyosarcoma (Table 1) , CMMR-D should be considered in the differential diagnosis in all patients with malignancies (except clearly NF1-associated tumors) who show one or more of the following features: (1) CALMs and/or other signs of NF1 and/or hypo-pigmented skin lesions; (2) consanguineous parents; (3) family history of LS-associated tumors; (4) second malignancy; and (5) sibling with childhood cancer. It is important to note that especially in patients with PMS2 mutations, the family history will often not fulfill the Amsterdam or revised Bethesda criteria for LS.
Typically, confirmation of the diagnosis involves the analysis of microsatellite instability (MSI) and/or immunohistochemistry (IHC), followed by mutation analysis. MSI analysis follows current protocols used for LS-screening; however, this analysis may be unreliable in CMMR-D related brain tumors. 7, 11, 21 IHC is a useful technique employed in patients with CMMR-D associated neoplasms including brain tumors and guides subsequent mutation analysis in the four MMR-genes. In general, a truncating mutation in PMS2 or MSH6 will result in isolated loss of these proteins, whereas a mutation in MLH1 or MSH2 will lead to concurrent loss of MLH1/PMS2 or MSH2/MSH6, respectively, since MLH1 and MSH2 are the obligatory partners in the formation of MLH1/PMS2 and MSH2/MSH6 heterodimers. Notably, in the case of an underlying missense mutation, IHC may show normal results. As CMMR-D patients constitutively lack the expression of one of the MMR genes, IHC detects loss in both neoplastic and non-neoplastic tissues. Conveniently, expression loss of one of the MMR genes can be demonstrated in blood lymphocytes (e.g. by Western blot 2 ). Similarly, it has been shown that MSI can be determined in normal non-neoplastic tissue of CMMR-D patients by analyzing DNA samples that are diluted to approximately 0-3 genome equivalents per PCR-reaction. 22 Nonetheless, standardized procedures for the detection of MMR expression loss and MSI in non-neoplastic tissue from CMMR-D patients have not been developed to date. The diagnosis of CMMR-D should be confirmed by gene-specific mutation analysis. Reliable methods for all four MMR genes including PMS2 are now available.
12 Mutation analysis will facilitate identification and surveillance of heterozygous and homozygous individuals in the wider family, and allow for informed decision-making about prenatal or pre-implantation genetic diagnosis.
Treatment and surveillance of the patient and counseling of relatives
Genetic counseling should be offered to the parents prior to testing of the affected child, and should include information on the potential 25% recurrence risk and on the clinical consequences of a possible heterozygous mutation in both parents. Predictive testing following the established interdisciplinary counseling guidelines should be offered to all family members once a mutation has been identified. Heterozygous family members should be followed according to current LS-guidelines. 
